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Abstract: The aim of this review paper is to define the fixation of the cemented stem. Polymethyl methacrylate, otherwise 
known as “bone cement”, has been used in the fixation of hip implants since the early 1960s. Sir John Charnley, the pio-
neer of modern hip replacement, incorporated the use of cement in the development of low frictional torque hip arthro-
plasty. In this paper, the concepts of femoral stem design and fixation, clinical results, and advances in understanding of 
the optimal use of cement are reviewed. The purpose of this paper is to help understanding and discussions on the thick-
ness and the porosity of the cement mantle in total hip arthroplasty. Cement does not act as an adhesive, as sometimes 
thought, but relies on an interlocking fit to provide mechanical stability at the cement–bone interface, while at the prosthe-
sis–cement interface it achieves stability by optimizing the fit of the implant in the cement mantle, such as in a tapered 
femoral stem. 
1. INTRODUCTION 
  Despite being in clinical use for more than 35 years, the 
success of cemented femoral stems is still not completely 
understood. Many reports have demonstrated good long term 
results with cemented stems. Therefore it seems justified to 
still use cemented stems in all age groups of patients. 
  Nevertheless the importance of thickness, voids, porosity, 
homogeneity and extent of the femoral cement are still con-
troversial. Several variables influence the shape of the ce-
ment mantle, the reproducibility and the quality of the ce-
ment mantle. Furthermore the adequacy of the cement man-
tle and the cement-implant and cement-bone interfaces are 
probably factors affecting the longevity of cemented femoral 
implants. Many cemented stems show micromotions exceed-
ing 0.1 mm during the first two years when the measurement 
is done with radiostereometric analysis. In most of the stud-
ies these motions occur inside the cement mantle. However 
the cement mantle can also be displaced in relation to the 
bone. The micromotions of the stem may reflect a deforma-
tion of the cement mantle or a complete debonding of the 
stem. 
  Failure of the cement mantle, when it occurs, can lead to 
mantle fracture; stem debonding, osteolysis and loosening. 
The failure [1, 2] can be initiated at one or more of the fol-
lowing regions: the cement-bone interface, the cement and 
the cement-prosthesis interface. Factors that influence can be 
broken into implant factors (geometry, surface finish,   
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neck length), cement factors (porosity, thickness), technical 
factors (bone preparation, instrumentation, stem orientation) 
and patient factors (bone quality…). The purpose of this 
paper is to help understanding and further discussions on the 
thickness and the porosity of the cement mantle in total hip 
arthroplasty. 
2. THE THICKNESS OF THE CEMENT MANTLE? 
2.1. Cement Mantle of 3 mm: Is it the Gold Standard? 
  Traditionally, surgeons have adopted to obtain a mantle 
of at least 3 mm around the implant, as thin and deficient 
mantles have been associated with adverse results. Recently, 
this viewpoint has been challenged by Langlais et al. [3], 
who have fashioned the phrase “the French paradox” to 
describe their finding that certain French-designed straight 
stems [4], which maximally fill the medullary canal with the 
intention of leaving thin or even incomplete mantles in 
places, have good medium- and long-term results. Under 
these conditions, at certain points of the femoral stem the 
cement thickness is probably less than 3mm. They have 
reported good results with such a technique. However sev-
eral authors, based on clinical, radiological, and histological 
analyses, have suggested that a thin cement mantle is sub-
jected to increased strain may fragment. Since then, it has 
become perceived wisdom among surgeons who use acrylic 
cement that the thickness of the cement mantle important [5]. 
On first consideration, this conclusion seems justified. A 
number of experimental studies appear to demonstrate that 
the femoral cement mantle must be at least 3mm thick and 
that the distal end of the femoral part should not occupy 
more than 80% of the width of the femoral canal, to reduce 
risks of cement fatigue fracture. This led to the assumption 
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that measures that increase the thickness and the reproducti-
bility of the cement mantle would increase the durability of 
the arthroplasty in clinical practice. 
2.2. Evaluation of the Cement Mantle 
  If this was true, there should be no difficulty in showing 
that implants inserted with a large cement mantle survive 
better than those implanted with a thin cement mantle. Such 
a comparative study is still to be published. Probably be-
cause a thin cement mantle less than one millimeter is very 
frequent and because it is difficult to assess. Clinically the 
cement mantle is assessed by inspecting plain radiographs; 
and to standardize analysis, cement grading systems have 
been developed [6, 7]. However the application of these 
systems is challenging. Analysis of plain films is difficult 
particularly with poor-definition of the cement-bone inter-
face, and difficulty to identify voids. It seems that this deg-
radation of information is very important. Probably, as re-
ported by Kawate [8], plain radiographs miss areas of ce-
ment thinner than 1 mm  particularly in the sagittal plane. 
The cement mantle is very thin in the anteromedial part of 
the proximal femur due to a mismatch between a straight 
femoral stem, the anteversion of the neck and the anterior 
bow of the proximal part of the femur. Autopsy studies [9] 
have demonstrated that routine clinical anteroposterior ra-
diographs are deficient in accuracy in terms of identifying all 
the areas of the cement [10-12]. Lateral radiographs are 
better because they show more frequently impingement of 
the stem on the femoral cortex. CT scan frequently demon-
strates a very thin mantle of cement. So the issue for debate 
is whether in clinical practice the thickness of the cement 
mantle affects the outcome of the stem. The report by Mul-
roy and Harris [6, 7] showed a significant correlation be-
tween a thin cement mantle as seen on radiographs and an 
increased risk of loosening. However in the series of Mulroy 
and Harris the definition of a thin cement mantle was not 
exactly a thin cement mantle between an adjusted stem and 
the bone (because for example the stem impinged on the 
bone); it was rather an absence of cement around a stem at a 
distance from the bone. The difference is important because 
in the first case it is a thin cement mantle with a very well-
adjusted stem in the femoral canal and the primary stability 
of the implant is good; in the second case it is a poor techni-
cally cemented thin stem in a large femoral canal and the 
primary stability of the implant is poor. 
2.3. Clinical Relevance of the Thickness of the Cement 
  So Mulroy and Harris demonstrated that the absence of 
primary stability of the cemented implant affects the out-
come of the stem but there was not in their report any clini-
cal evidence that a thick cement mantle is better than a thin 
cement mantle when the primary stability of the stem is 
achieved. In considering this matter, not many studies have 
been reported. One study [13] has analyzed this problem on 
a series of 156 Ceraver Osteal hip replacements. The initial 
metaphyseal femoral index was measured on the X-Ray of 
the first year. It was on average 70.9% with a minimum of 
50.6% and a maximum of 85.5%. The average initial distal 
femoral index measured on the X-Ray of the first year was 
80.4% (minimum 57.3%, maximum 100%). No loosening 
was observed in patients showing maximum femoral indices 
i.e. when the larger stem was implanted in the femoral canal. 
Conversely, in the event of poor filling of the femoral 
diaphysis by the implant, the number of radiolucent lines 
was higher with an increased risk of femoral loosening (2 
loosenings). In addition, given the front curvature of the 
femur and the use of an identical right and left prosthesis, the 
use of the thickest possible prosthesis episodically resulted in 
contact between the distal end of the prosthetic stem and the 
front cortex of the femur. In these cases, the cement mantle 
may be considered to be non-existent at this point. This 
problem was encountered in approximately 7% of total hip 
replacements when a lateral X-Ray was performed on the 
femoral diaphysis [14]. This impingement between the end 
of the prosthesis and the anterior cortex of the femur was 
looked for on lateral X-Rays of prostheses reviewed after 
over 10 years; when present, this impingement did not result 
in any loosening. In view of this study, the thickness of the 
cement mantle [15] does not appear to have an influence on 
the risk of loosening after over 10 years. The possibility is 
that late loosening is related to an absence of primary stabil-
ity of the implant rather than to the thickness of the mantle of 
cement. The cement mantle thickness does not affect the 
primary stability of the implant. If the thickness of the ce-
ment mantle had had an influence on the long-term stability 
of the implant, migration of the implant would have been 
expected after fatigue fracture of the cement (i.e. after about 
6 to 8 years of follow-up). Had this occurred it would have 
been in contradiction with most of the studies [16, 17] on 
migration of implants which indicate that any femoral im-
plant that migrates more than 2 mm in the first 2 years is 
likely to fail within 10 years, whether the implant is fixed 
with or without cement. This observation is important since 
it suggests that the factors leading to early and excessive 
migration (and consequent later loosening) do not differ 
between cemented and cementless implants and thus that 
these factors relate to the primary stability of the implant. 
This in turn means that late loosening is related to an ab-
sence of primary stability rather than to late fatigue behavior 
of the cement caused by insufficient thickness. This would 
explain the findings of Mulroy and Harris. Conversely, a 
prosthesis that is too small in a femoral shaft may result in 
several problems: more frequent lucent lines, cement mass 
introduced into the larger femoral shaft and, therefore, risk 
of greater retraction of cement during polymerization. 
2.4. Fixation of the Cement Mantle 
  Now turning the discussion to another aspect of the ce-
ment mantle, one can ask what is the better fixation of the 
cement mantle on bone, particularly if the cement mantle is 
thin: is it cortical bone without penetration of the cement or 
trabecular bone with penetration of the cement [18]. The two 
parts of the cement mantle submitted to the most important 
forces are the upper medial part and the antero lateral distal 
part. For the distal part, the bone is cortical; for the medial 
part the question is: to remove or not the trabecular bone? 
Because micromotion of the cement mantle is a possibility 
due to the viscoelasticity of the cement, there is a risk of 
fracture of a thin cement mantle if the fixation is too good on 
the trabecular bone. If the bone is only cortical and smooth, a 
small thin cement mantle is able to creep under load, to 
transmit the load to the proximal femur and can subside at 
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polished stem can subside without loosening at the prosthe-
sis-cement interface [19]. So the assumption that pressuriza-
tion of the cement mantle in the trabecular bone [10] in-
creases the durability of the arthroplasty may not be valid in 
clinical practice. And when the evidence is considered more 
carefully by surgeons using polished stems in a cement man-
tle to allow micromotion of the stem in the cement mantle, 
this assumption of pressurization of the cement mantle in the 
trabecular bone becomes more difficult to accept. 
2.5. Centralization of the Cement Mantle 
  To eliminate the formation of a defective mantle or a too 
thin cement mantle at the distal part, some surgeons have 
proposed to use an automatic centralization of the stem 
within the canal. The benefits of an optimum cement mantle 
remain theoretical unless the stem can be positioned cen-
trally within the cement mantle. Noble et al. [21] have pro-
posed methods to control the position of the distal stem. 
Distal centralizers prevent bony impingement, but they can 
also cause accumulation of significant porosity and accumu-
lation of blood and fat into the cement stem interface. Fol-
low-up is necessary to know exactly the benefits of these 
solutions. 
3. VOIDS IN THE FEMORAL CEMENT MANTLE 
3.1. Voids in Cement 
  Cement contains voids as a direct consequence of the 
way it is prepared from monomer and pre-polymerized 
beads. Voids are usually regarded as deleterious to the me-
chanical strength of cement. At least on first consideration, 
this conclusion seems justified, when a piece suddenly 
breaks because it contains less matter per unit volume [22, 
23]. Many experimental studies on this subject have investi-
gated bone cement failures in the laboratory [24]. But to our 
knowledge, there are few reports on the influence of radio-
logical voids in cement on the long term risk of loosening of 
total hip arthroplasties [25, 26]. Different mechanical meth-
ods for preparing cement, with the aim of reducing the num-
ber of pores, have been proposed based on theoretical princi-
ples. These methods include using low-viscosity cement, 
mixing it under a vacuum, centrifugation during preparation 
[27-29], and even mixing it by ultrasound. The effect of 
increasing the temperature of the stem has been tested on the 
porosity at the cement-stem interface. It was proposed that 
with stems at room temperature, the polymerization starts at 
the warming bone-cement interface and proceeds centripe-
tally toward the stem. The stem-cement interface cures last 
with accompanying pores and flaws. When heating the stem, 
the cement in contact with the stem polymerizes first and has 
significantly fewer pores and flaws. However it is difficult to 
find clinical studies on the risk of weakening and loosening 
associated with the presence, within cement mantles, of 
porous areas large enough to be seen on X-Rays, even if 
some reports [14, 26] have used classification systems look-
ing at cement voids. 
3.2. Porosity of the Cement 
  Several authors have reported that in vitro, reducing 
porosity improves the mechanical properties of the cement 
[30, 31]. However, the experiments in vitro cannot simulate 
the clinical or the in vivo conditions of a cemented arthro-
plasty. Thus, these findings can only be interpreted as mate-
rial properties related to bone-cement mixing techniques. 
These results are not demonstrated in clinical studies [32-34] 
and are furthermore in contradiction with some clinical data: 
for example, it is well known that voids are more frequent 
with high viscosity cement; however, in a study of the sur-
vival of 8579 arthroplasties, Havelin et al. [35] found that 
poorer results were observed when the femoral component 
was implanted with low viscosity cement. Mulroy et al. [6, 
7] in a series of prostheses followed for a minimum of 14 
years reported that there is no relationship between small 
voids in the bulk of cement and loosening but that loosenings 
were more frequent when large voids were observed; how-
ever he did not give any measure of the voids in the grades 
of the mantle of cement. Raut et al. [26] found that the pres-
ence of voids in the cement mantle had little influence on the 
results of revision using cemented prostheses, but no meas-
ure of voids was given. Ling and Lee [36] with a long term 
series of Exeter hip replacements found that porosity in 
acrylic cement was clinically without consequences. Her-
nigou and Le Mouël [37] reporting on a series of Ceravel 
Osteal stems implanted between 1983 and 1985 noted that 
the risk of revision was higher when the cement mantle of 
the femur had no porosity. Malcolm [38] in his study of 
retrieved Charnley replacements searched for cracks in the 
cement associated with pores, but gave up the search after 
examining 1000 pores without finding a crack associated 
with a pore. 
3.3. Clinical Relevance of Porosity in Cement 
  There may be several explanations for the absence of any 
clinical relevance of porosity on the outcome of the stem: 
   The first explanation is that radiological voids in cement 
do not have a marked adverse effect on the mechanical prop-
erties of the cement mantle. This may seem surprising at 
first, but it is actually consistent with the mechanical data. In 
fact, from the mechanical viewpoint [39], a cylindrical tube 
which contains a hole is only marginally reduced in strength, 
as long as the diameter of the hole is less than 30 % of the 
total diameter of the cylindered tube, as was the case for the 
radiological detected pores. This means that a cylindrical 
tube of 15 mm in diameter can accept a hole of 5 mm of 
diameter without reduction in strength. These apparent voids 
on X-Rays should, however, be distinguished from large 
irregular defects (greater than 10 mm) situated at the periph-
ery of the mantle of cement. In contrast to spherical or oval 
voids observed in our series, the dimensions of which rarely 
exceed 4 or 5 mm, a large irregular defect entails a much 
greater reduction in the cement sleeve, and consequently, a 
much greater loss of its strength [25, 37-39]. The content of 
a void is usually gas. According to the experience of the 
authors, the cause of a large irregular cement defect is rather 
blood in the distal part of the cement mantle and rather the 
presence of cancellous bone in the proximal part. So, reduc-
tion of large defects in the cement is depending on prepara-
tion of the medullar canal by curetting cancellous bone and 
drying the medullar canal. In contrary, voids are rather a 
direct consequence of the way of preparation of the cement. 
   The second explanation is that voids in cement do have a 
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cement mantle, but it was impossible in most of the series to 
demonstrate a significant difference. 
    The third explanation could be that only very small 
voids or pores not detectable by eye have a deleterious effect 
on the mechanical strength of the cement mantle. This possi-
bility exists since the number of micropores only detectable 
by electron microscopy [26] is greater than the number of 
voids detectable by X-Rays. The theoretical disadvantage of 
a micropore is not exactly the same as for a macropore or a 
void: with voids (macropores) the cement contains less mat-
ter per unit volume; with micropores, another debate [22] is 
whether in clinical practice, micropores in the cement are 
crack initiators, crack stoppers or have no influence on crack 
propagation. Mathematical models show that theoretical, 
breaking constraint increases with the sharpness of the tip of 
crack, the propagation of which leads to the breaking of the 
material. So a crack at an acute angle (as a micropore), even 
one of just a few microns, represents a far greater force con-
straint than a macro round hole (as a void), because of the 
likelihood of such a crack spreading. However when the 
crack tip progresses and runs into a round void, the crack tip 
naturally turns from an initially sharp crack into a blunt 
crack and it turns out from the mathematics that with crack 
blunting the breaking constraint decreases; so at the micro-
scopic scale a pore can initiate a crack but also can stop a 
crack. Furthermore Roberts et al. [40] in a retrieval study of 
eleven cadaveric femora with cemented stems found that no 
cement fractures were in relation with areas of porosity 
within the cement mantle. So whether micropores in the 
cement are crack initiators or crack stoppers [41, 42] are a 
controversial matter; but there is no clinical evidence to date 
that a "pore-free" cement improves clinical results by com-
parison with cement that contains pores. 
  The problem is that “pore-free” cement might even be 
harmful. Herberts and Malchau [43] when reporting the 
results of the Swedish Hip registry have confirmed the re-
sults of Havelin [35], i.e., that poorer results are obtained 
when the femoral component was implanted with low-
viscosity cement associated with vacuum mixing. When 
using a time dependent Poisson model, they found a higher 
risk for revision in the first four years with vacuum mixing, 
such a result probably also indicating an insufficient primary 
stability perhaps linked to technical mishandling or too early 
stem insertion with a low viscosity cement. 
4. THE DESIGN OF FEMORAL STEM 
  This design [20, 45, 46] clearly influences the clinical 
result either by effects at the prosthesis–cement interface, or 
how the stem transfers load to cement and thereby to bone. 
The combination of shape and surface finish of the stem 
significantly influences long-term results. Based largely on 
the surface finish of the stem, and also on the way the stem 
interacts with the cement mantle, two main philosophies of 
fixation have evolved: the polished stem surface and the 
rough stem surface. 
  The first approach uses the highly polished surface to 
optimize fit of the stem within the cement mantle and ensure 
that wear due to micromotion at the prosthesis-cement inter-
face is minimized. Of the polished stems, there are essen-
tially three types, some of which have been successful over a 
number of decades. There are, first, those modeled on the 
original polished Charnley stem [44], which have a rounded 
stem proximally with relatively rounded edges in cross sec-
tion; second, the collarless double-tapered stems, character-
ized by tapers from proximal to distal in the sagittal and 
frontal planes and a predominantly rectangular cross section 
proximally [14]; and third, and more recently, collarless 
triple-tapered stems, which have an additional taper from 
lateral to medial. The proposed reason for the excellent clini-
cal results of the polished stems [47, 48] is that they subside 
within the cement mantle, usually by a few millimeters, and 
this mainly occurs over the first few years following inser-
tion. Simply put, and remembering that stems are subject to 
considerable anteroposterior forces, this ensures the stem 
wedges itself tightly into the cement mantle, thereby ensur-
ing optimal contact between the stem and cement. Under 
load, axial forces are converted by the taper in the cement to 
radially compressive forces at the cement–bone interface. 
  The other philosophy of stem design aims to achieve 
rigid interlock between the stem and cement and thereby 
nullify movement at this interface. This includes matte, grit-
blasted and beaded or porous surfaces and those with inden-
tations [49]. A further development of this philosophy in-
cludes those stems manufactured with a precoat of cement 
applied to the stem with the aim of improving bonding be-
tween the stem and cement. It is proposed that the implant–
cement–bone construct acts as a “composite beam”, and the 
intention is to prevent movement at each of the interfaces. 
For this composite beam to be effective there needs to be 
perfect bonding at both interfaces, with good support from 
the cement. If the construct is unable to withstand the 
stresses passing through it during loading, then either the 
cement mantle will fracture or undesirable movement will 
occur between implant and cement, leading to debonding at 
the interface. With this type of system, separation of the stem 
from cement, termed debonding, is thought to be an impor-
tant event in the development of aseptic loosening. Analysis 
of cemented stems of the rough type retrieved postmortem 
has demonstrated separation of these stem types from cement 
and fractures within the cement. Thus, debonding of this 
design of stem is considered a predictor of failure, but this 
must be distinguished from the designed subsidence of pol-
ished tapered stems, which in fact is proposed to optimize 
fixation. 
5. DISCUSSION AND CONCLUSION 
  Prior to modern cementing techniques [28], many good 
results with long term follow-up have been obtained in total 
hip arthroplasties. This does not mean that the cement poros-
ity should not be avoided but only means that this porosity 
probably has a minor influence on the durability of the ce-
ment mantle and that probably "modern" cementing tech-
niques will not improve significantly the outcome of femoral 
prostheses in the next decades. It will probably be difficult 
with “modern” cementing technique to obtain better results 
than those reported for the femur by some authors from very 
old operations (with more than twenty years follow-up) 
when using finger packing [44]. One of the efforts in the past 
decade has been to try to quantify what constitutes a so 
called good cementing technique versus a poor one. Many 
techniques have been developed and tried: insertion of an 
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zation using a proximal seal, removal of any loose cancel-
lous bone, drying with adrenaline-soaked sponges, and cen-
tralizers on the femoral stem... Probably, all these modern 
techniques have the advantage to explain how to achieve a 
good result with a routine basis in nearly every case. How-
ever one should remind first that some of these techniques 
incorporate ideas which are relatively untested and may end 
to an adverse effect; secondly, that an old cementing tech-
nique with finger packing has not prevented in the past many 
surgeons to get a femoral cement mantle good enough to 
allow excellent results in the long term for well-designed 
femoral stems. 
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